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Heme enzymes are ubiquitous in biology and catalyze a vast
array of biological redox processes. The formation of high va-
lent ferryl intermediates of the heme iron (known as Com-
pounds I and Compound II) is implicated for a number of
catalytic heme enzymes, but these species are formed only
transiently and thus have proved somewhat elusive. In conse-
quence, there has been conflicting evidence as to the nature of
these ferryl intermediates in a number of different heme en-
zymes, in particular the precise nature of the bond between the
heme iron and the bound oxygen atom. In this work, we pres-
ent high resolution crystal structures of both Compound I and
Compound II intermediates in two different heme peroxidase
enzymes, cytochrome c peroxidase and ascorbate peroxidase,
allowing direct and accurate comparison of the bonding inter-
actions in the different intermediates. A consistent picture
emerges across all structures, showing lengthening of the fer-
ryl oxygen bond (and presumed protonation) on reduction of
Compound I to Compound II. These data clarify long standing
inconsistencies on the nature of the ferryl heme species in
these intermediates.

Aerobic organisms have evolved to utilize the intrinsic oxi-
dizing power of dioxygen. In a large majority of cases, this
so-called “activation” of oxygen is catalyzed by a metal center
(usually iron or copper) buried within a protein structure (1).
The large and biologically diverse family of catalytic iron-con-
taining heme proteins is one such group of enzymes capable
of oxygen activation. Oxygen activation by heme is achieved
through formation of highly oxidized iron intermediates,
which are known as Compound I and Compound II. Com-
pound I is formally oxidized by two (electron) equivalents
above the ferric heme resting state; Compound II is the re-
duced form of Compound I and thus oxidized by only one
equivalent. Nature uses these intermediates for a large num-
ber of quite different, and sometimes difficult, biological oxi-
dations. The most well cited examples are in the cytochrome
P450s, nitric oxide synthases, cytochrome c oxidases, and

heme peroxidases (2–5). It appears that there are two possible
routes for formation of Compound I, a direct reaction with
hydrogen peroxide (e.g. the peroxidase enzymes) or reaction
with dioxygen followed by a further reduction of the heme by
a suitable reductase (e.g. the P450s, NO synthase (Scheme 1)).
However, the shared heme structure used in all of these en-
zymes, together with the similarity of their reactions with di-
oxygen or dioxygen derivatives, make it highly likely that
these intermediates and their mechanisms of formation are a
defining feature across the family.
It is no surprise, therefore, that elucidation of the structure

of these heme intermediates has provided an important focus
and is the source of continuing high profile comment and
debate (see for example Ref. 6). However, the quest to unravel
the structure and properties of Compounds I and II has not
been at all straightforward, not least because of the experi-
mental difficulties associated with observing such metastable
species. A key challenge has been to clarify the precise nature
of the ferryl heme species as the literature reports conflicting
bond lengths measured for the Compound I or Compound II
intermediates in different proteins. The main experimental
approaches have used EXAFS3 data and crystallography, but
an inconsistent picture emerges (see Ref. 7 for a recent sum-
mary). This has made it difficult to determine the bonding
interactions with confidence (Fe(IV)�O versus Fe(IV)–OH,
the latter being a longer bond). This is made yet more compli-
cated by the fact that many previous crystallographic studies
are likely to have been affected by photoelectron reduction in
the x-ray beam so that deduced structures are unlikely to rep-
resent “pure” species. Although the effect of x-ray photore-
duction on the reaction intermediates has been explored in
detail for horseradish peroxidase (HRP) (8), a precise struc-
tural characterization of these intermediates has not been
achieved in any other enzymes.
In this work, we present crystal structures of both the Com-

pound I and the Compound II intermediates in two different
peroxidase enzymes, cytochrome c peroxidase (CcP) and the
closely related ascorbate peroxidase (APX). The structures
provide reliable measurements of bond distances and in both
cases indicate a lengthening of the bond on reduction that is
presumed to be coupled to protonation. The likely mecha-
nisms of proton delivery to the transient ferryl heme are also
revealed. The information is relevant to our understanding of
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oxygen activation across the family of heme enzymes and is
discussed in this more general context.

EXPERIMENTAL PROCEDURES

Protein Purification and Expression—The MKT variant of
CcP (9) was prepared as previously described but cloned into
the expression plasmid pLEICS-03 carrying kanamycin resis-
tance and a tobacco etch virus-cleavable N-terminal His tag
sequence and expressed in BL21 DE3 Gold (Fisher Scientific).
Expression and purification of APX were carried out as previ-
ously described (10, 11).
Both CcP and APX were crystallized as previously de-

scribed (12, 13). CcP crystals were grown in 50 mM potassium
phosphate, pH 6.0, containing (�)-2-methyl-2,4-pentanediol
(30% v/v), and APX crystals were prepared from Li2SO4 (2.25
M) containing HEPES (0.1 M), pH 8.3. Compound I of CcP was
formed by soaking crystals of ferric enzyme in freshly pre-
pared H2O2 (20 mM) for 5 min, and crystals were then flash-
frozen at 100 K. Compounds II and III of APX were prepared
by soaking the ferric enzyme in H2O2 (200 �M) for 5 min or
H2O2 (20 mM) for 5 min, respectively, and frozen as above.
Crystals were stored in liquid nitrogen.
Monitoring of Photoreduction—Changes in UV-visible ab-

sorbance spectra during x-ray exposure were monitored at
the European Synchrotron Radiation Facility (ESRF) ID14-2
using an on-line spectrophotometer (OCEAN OPTICS DH
2000 light source and HR 2000 detector). UV-visible spectra
of exposed crystals used to solve the structure of CcP Com-
pound II, APX Compound I, ferrous CcP, and APX were
measured using a 4DX single crystal microspectrophotometer
with a Shamrock SR-163 spectrograph and Newton CCD
camera (Andor Technology).
Crystallographic Data Collection and Analysis—For the

structure of CcP intermediates, x-ray diffraction data were
collected in-house at 100 K using CuK� radiation (� � 1.5418
Å) from a Rigaku RU2HB x-ray generator with a copper an-
ode and Xenocs multilayer optics and measured with an R-
AXIS IV detector. For APX, diffraction data were collected on
beam line I04 (wavelength � � 0.6 Å) at Diamond Light
Source, Harwell, UK using an ADSC Q315 CCD detector, at
100 K. CcP data were indexed, integrated, merged, and scaled,

respectively, using MOSFLM, SORTMTZ, and SCALA as part
of the CCP4 suite (14, 15); APX data were integrated, merged,
and scaled using XDS (16). In all cases, 5% of the data were
flagged for the calculation of Rfree and excluded from subse-
quent refinement. Data collection statistics are shown in
Table 1.
Multicrystal Data Analysis—The CcP Compound I struc-

ture was solved by merging the first 9° of data from 10 differ-
ent crystals. This corresponds to a maximum absorbed dose
of 0.020 MGy (calculated with RADDOSE (17)). We estab-
lished the amount of data that could be collected from each
crystal before the effects of photoreduction showed empiri-
cally by truncating the data after various doses. We deter-
mined that no detectable change in the observed structure
was seen with this (or a lesser) dose but was apparent after a
higher dose. The APX Compound II and Compound III struc-
tures were solved from three crystals as it was found that by
using 0.6 Å radiation, the photoelectron effect is significantly
reduced (18), allowing at least 15° to be collected before there
was any indication of photoreduction. This corresponds to an
absorbed dose of 0.028 MGy (calculated with RADDOSE
(17)). Compound I of APX was produced by photoreduction
of Compound III (absorbed dose �0.15 MGy) and verified by
UV-visible single crystal spectrophotometry. Diffraction data
for Compound I were also obtained from three crystals (using
the first 15° after the photoreduction). Compound II of CcP
was obtained by the photoreduction of Compound I (ab-
sorbed dose of �0.15 MGy) and verified by UV-visible single
crystal spectrophotometry. Diffraction data were collected
following photoreduction by merging together the first 9° of
data from 10 crystals.
Refinement—Crystallographic refinement initially used

REFMAC5 (19) from the CCP4 suite (15). The structure of
Compound I of CcP was refined from the 1.70 Å wild-type
CcP structure (20) (1ZBY), whereas the structure of Com-
pound II of APX was refined from the 1.45 Å ferric APX
structure (13) (1OAG). To ensure the unbiased determination
of the iron-oxygen distances, the entire protein structure was
refined with the ferryl oxygen atom omitted, and the ferryl
oxygen was first fitted to the peak of the Fo � Fc difference

SCHEME 1. Different routes for oxygen activation by heme enzymes. The reaction using dioxygen (in the P450s and NO synthases) or hydrogen perox-
ide (in the peroxidases) as a route to the activated Compound I intermediate is shown. X �� represents either a porphyrin �-cation radical or a tryptophan
radical.
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map and refined in real space using Coot (21). The complete
models were then refined with SHELX (22), allowing the
estimation of individual atomic positional uncertainties (esti-
mated standard uncertainty (ESU)).

RESULTS

We have obtained structures of five reaction intermediates,
Compounds I and II for both CcP and APX and Compound
III (ferrous-oxy) of APX. Compound I of CcP and Com-
pounds II and III of APX are isolatable species, and thus we
are able to obtain crystals of these directly by reaction with
H2O2. The structure of CcP Compound II was obtained indi-
rectly, by photoreduction of its Compound I; likewise APX
Compound I was also obtained indirectly, through photore-
duction of Compound III.
CcP Compound I—The structure of the Compound I inter-

mediate of CcP has been determined using a multicrystal ap-
proach (using only a small percentage of the total data set (8))
to allow the collection of diffraction data before it is affected
by photoreduction (Fig. 1A). Data and refinement statistics
are shown in Table 1. The authenticity of this Compound I
species was confirmed using single crystal microspectropho-
tometry (Fig. 2A), which shows the typical Compound I peaks
(530, 560, and 632 nm) in the visible region and compares
them with previously published spectra (530, 560, and 630sh
nm (23)) and with our spectra in solution under the same
conditions (i.e. using the same ratio of [enzyme]:[H2O2] (Fig.
2A)). The structure (Fig. 1A) reveals an electron density peak
for the oxygen atom at 1.63 Å from the iron. This is consider-
ably shorter than previous crystallographic estimates of the
Compound I bond length in CcP (1.87 Å (24) and 1.7–2.0 Å
(25)). The ESU of the iron and oxygen atom positions calcu-
lated by full matrix inversion (22) are 0.017 and 0.066 Å,
respectively.
The overall structure of Compound I remains unchanged

to that of the (nominally) ferric protein (Protein Data Bank
(PDB) code 1ZBY). The ferryl iron is positioned about 0.3 Å
out of the heme plane in the direction of the distal histidine;
the proximal histidine moves with it to bring it closer to the
heme plane. This structural shift might be important for sta-
bilization of the high valent heme intermediate. The N� of
Trp-51 is seen to be within hydrogen-bonding distance of the
ferryl oxygen, as is the N� of Arg-48 (Fig. 1A). The side chain
of Arg-48 has been observed in two orientations in ferric CcP,
one with the guanidinium group positioned near the oxygen
and above the iron (“in”) and the other pointing away (“out”)
(24–26), but only one of these (in) is seen in the Compound I
structure here.
Upon x-ray exposure, photoreduction occurs, leading ulti-

mately to the formation of ferrous heme. After the equivalent
of the exposure needed to collect a full set of diffraction data
(a dose of �0.35 MGy), the spectrum corresponds to that of
fully reduced, ferrous CcP (Fig. 2A), but this species first be-
comes evident after exposure to an absorbed dose of only
0.10–0.15 MGy, suggesting that photoreduction occurs very
rapidly in the beam. We have used this photoreduction to
obtain a structure for ferrous CcP (Fig. 3A) (statistics shown
in Table 1). In this structure, the bond length to the distal ox-

ygen atom is 2.01 Å, which clearly distinguishes it from that of
the Compound I species above (1.63 Å). We note that previ-
ously published ferric structures (2CYP and 1ZBY), which
have bond lengths of 2.40 and 2.33 Å, respectively, would also
be expected to be reduced and thus are probably a mixture of
ferrous and ferric states.
APX Compound II—Compound II of APX is also isolatable

(27). Its structure was also solved using the multicrystal ap-
proach to avoid photoreduction. The corresponding structure
of the Compound II derivative of APX is shown in Fig. 1B.
Microspectrophotometry was used to unambiguously confirm
that the crystal was Compound II (Fig. 2B). We observe peaks at
531 and 558 nm, which compare well with the spectrum of Com-
pound II obtained in solution by reaction of ferric APXwith per-
oxide under the same conditions (�max � 530 and 559 nm) and
shown for comparison in Fig. 2B. In this Compound II crystal
structure, the iron-oxygen bond length is 1.84 Å, which is 0.21 Å
longer than that for the Compound I derivative of CcP above.
The ESU of the iron and oxygen positions (22) are 0.015 and
0.088 Å, respectively.When compared with Compound I, this
clearly indicates a lengthening of the Fe–O ferryl bond in the
Compound II structure. The similarity of the single crystal and
solution spectra for Compound II (Fig. 2B) and the fact that the
bond length for the Compound II species is much shorter than
that for either the published ferric APX (2.08 Å) or the ferrous
APX (2.20 Å below) give confidence that the assignment of the
structure as a Compound II species is correct.
The ferryl iron also moves out of the heme plane by 0.15 Å

toward the distal histidine (when compared with the ferric
enzyme), and the proximal histidine (His-163) also shifts in
the same direction, in the same way as was observed for Com-
pound I of CcP above. The side chain of the distal arginine is
seen in both the in (as in Compound I) and the out (as in the
ferric enzyme) conformations.
As for CcP Compound I above, photoreduction of Com-

pound II of APX is observed during exposure to the x-ray
beam, leading to the formation of ferrous APX (shown by
peaks emerging at 554 nm and a decrease at 534 nm (Fig. 2B))
for which we have also obtained a structure (Fig. 3B). The
distance between the Fe(II) and the oxygen of water is now 2.2
Å, which is much longer than those for any of the Compound
I or Compound II species above.
We sought additional structural information on the Com-

pound I and Compound II bond lengths observed above in
the corresponding Compound I and Compound II derivatives
of APX and CcP, respectively. This is described below.
APX Compound I—The Compound I intermediate of APX

converts rapidly to Compound II (28), and we are thus unable
to isolate this form in the crystal by soaking with peroxide.
We can, however, access the Compound I intermediate
through the ferrous-oxy (Fe(II)–O2) species (Compound III),
which is used in other catalytic heme enzymes (such as the
P450s) as a route to formation of Compound I (Scheme 1). In
peroxidases, the ferrous-oxy intermediate can be formed from
reaction of Compound II with excess peroxide (8); photore-
duction of the ferrous-oxy (Compound III) species thus
formed in the crystal converts it to the desired Compound I.
The ferrous-oxy species is analogous to the ferric-hydroper-
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oxide species (sometimes referred to as Compound 0, Fe(III)–
OOH) that precedes Compound I and can therefore also re-
port on this transient precursor.

The structure of this ferrous-oxy (Compound III) species is
shown in Fig. 1C. An electron density peak larger than those
observed for the Compound I and Compound II structures is

FIGURE 1. Stereo images of the crystal structures of the ferryl heme intermediates of CcP and APX. A–E, CcP Compound I (A). CcP Compound II (B), APX
Compound III (ferrous-oxy) (C), APX Compound I (D), APX Compound II (E), showing electron density maps calculated with coefficients 2Fo � Fc contoured
at 2� in blue and the Fo � Fc map (contoured at 4�, shown in green) calculated after refinement omitting the oxygen. Oxygen atoms are shown as red
spheres, the heme is in red, and the iron is shown as an orange sphere. Key residues are labeled.
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clearly seen and interpreted as a dioxygen species. This is con-
firmed by single crystal spectrophotometry (peaks at 548 and
575 nm (Fig. 2C)). There are hydrogen-bonding interactions
from the O1 of the bound ligand to N� of His-42 (2.92 Å), N�
of Trp-41 (2.70 Å), and N� of Arg-38 (2.65 Å). In this case,
Arg-38 (equivalent to Arg-48 in CcP) is observed occupying
both the in and the out positions, and there is a water mole-
cule, seen adjacent to Trp-41 (W1 in Fig. 1C), which shifts
away from the heme to accommodate the bound O2 species.
Photoreduction leads to cleavage of the O–O bond and the
ultimate formation of Compound I (8). We observe that after
a dose of �0.15 MGy, a structure is seen in which only a sin-
gle atom of oxygen is bound above the iron. Single crystal
spectrophotometry (Fig. 2C) confirms that this is predomi-
nantly Compound I (27), and the structure is shown in Fig.
1D. In this structure, the iron-oxygen bond length is 1.73 Å,
which is slightly longer than that obtained for the Compound
I structure of CcP above (most likely because the structure
still contains some O2 bound to the heme (residual ferrous-
oxy heme)) but still shorter than previous crystallographic
measurements from CcP (Table 2). The ESUs of the iron and
oxygen positions (22) are 0.016 and 0.09 Å, respectively.
CcP Compound II—As for APX Compound I, Compound II

of CcP is not stable enough to be trapped and isolated directly
in the crystal but can be accessed indirectly through photore-
duction of Compound I. The spectrum of CcP Compound II
is very similar to that of Compound I (the only difference be-
tween the two species being that the Trp-191 radical has been
reduced in Compound II (23)), which makes unambiguous
identification of Compound II in the crystal more difficult,
but the intensity of the �- and �-bands decreases on reduc-
tion of Compound I to Compound II (23). To obtain a struc-
ture for CcP Compound II, we have used diffraction data after
an exposure of 0.15–0.20 MGy where the �- and �-bands
have decreased, but formation of ferrous heme is still negligi-

FIGURE 2. Comparison of UV-visible spectra in solution and from sin-
gle crystal microspectrophotometry. A–D, comparisons for CcP (A and
D) and for APX (B and C). A, the single crystal spectrum of CcP Com-
pound I collected before x-ray exposure (solid line, maxima: 530, 560,
and 632 nm) and after collection of a full dataset (dose � 0.35 Mgy,
dash-dotted line, maxima: 542, 559, and 585sh nm corresponding to re-
duced heme) when compared with the spectrum of CcP Compound I
obtained in solution under the same conditions (dotted line, maxima:
530, 560, and 630sh nm). Abs, absorbance. B, the spectrum of APX Com-
pound II collected before x-ray exposure (solid line, maxima: 531, 558
nm) and after exposure to a dose of 0.3 MGy (dash-dotted line, maxima:
537sh, 554, and 580sh nm corresponding to reduced APX (compare 555
and 583 nm (29))) when compared with the solution spectrum of APX
Compound II obtained under the same conditions (dotted line, maxima:
530, 559 nm (compare 529 and 560 nm (27))). C, spectra of APX Com-
pound III (dash-dotted line, maxima: 540 and 575 nm) and APX Com-
pound I (solid line, maxima 535, 573sh, and 632 nm) obtained by pho-
toreduction of APX Compound III after exposure to 0.15– 0.2 MGy. In all
cases, absorbance spectra in solution have been magnified 10 times for
comparison. D, single crystal spectrum of CcP Compound II (solid line,
maxima: 533, 560, 558sh, and 633 nm) formed by photoreduction of CcP
Compound I (dotted line) by exposure to a dose of �0.15– 0.2 MGy. Ap-
pearance of the shoulder at 585 nm and slight red shift of the � band
from 530 to 533 nm indicate the presence minor amounts of ferrous
heme formed during photoreduction.

TABLE 1
Data collection and refinement statistics

CcPa APXb

Compound I Compound II Ferrous Compound III Compound I Compound II Ferrous

Data collectionc
Space group P212121 P212121 P212121 P42212 P42212 P42212 P42212
Cell dimension a, b, c (Å) 51.04, 75.04, 106.80 51.05, 75.14, 106.92 51.05, 75.19, 106.95 81.97, 81.97, 75.16 82.03, 82.03, 75.23 81.82, 81.82, 75.24 82.24, 82.24, 75.38
Resolution (Å) 1.67 (1.76-1.67) 1.67 (1.76-1.67) 1.69 (1.78-1.69) 1.55 (1.59-1.55) 1.50 (1.54-1.50) 1.65 (1.69-1.65) 1.70 (1.79-1.70)
Rmerge (%) 6.6 (24.0) 10.5 (26.8) 6.2 (25.5) 6.8 (65.0) 5.1 (33.2) 7.4 (42.3) 10.0 (56.0)
I/�Ic 10.9 (3.8) 5.4 (2.4) 15.8 (4.0) 13.15 (2.0) 14.61 (4.48) 12.1 (2.11) 9.1 (2.4)
Completeness (%) 92 (81) 83.5 (75.8) 99.4 (97.2) 87.9 (69.7) 88.6 (84.7) 99.7 (99.2) 94.5 (88.4)
Multiplicity 2.9 (2.6) 2.1 (2.0) 5.1 (4.5) 3.7 (1.4) 3.0 (3.0) 3.6 (2.6) 3.7 (3.7)

Refinement
Resolution (Å) 33.11-1.68 33.13-1.68 33.15-1.69 57.96-1.55 27.73-1.50 27.7-1.65 36.79-1.70
No. of reflections 40890 43031 44336 50009 37890 40250 25721
Rwork/Rfree (%) 14.4/20.0 14.8/19.9 15.4/19.0 16.0/20.4 14.9/21.5 14.3/19.9 15.2/20.2
Protein 2425 2456 2392 2295 2390 2297 1905
Ligand/ion 97 97 97 57 53 55 1953
Water 685 745 556 479 463 524 434
Overall B-factors 16.39 17.62 17.45 17.8 19.32 16.8 15.44
ESUd (Å) 0.049 0.052 0.047 0.044 0.040 0.053 0.067
r.m.s.e deviations
Bond lengths (Å) 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Bond angle distances (Å) 0.024 0.025 0.024 0.026 0.024 0.025 0.026

a Data collected at home source at wavelength � � 1.5418 Å merging together the first 9° of data from 10 crystals.
b Data were collected at Diamond Light Source beam line IO4 at wavelength � � 0.6 Å merging the first 15° of data from three crystals. As the atomic cross-section decreases
with the wavelength (8), the use of a high energy beam considerably reduced the photoelectric effect and thus decreased the number of crystals needed.

c Outer bin data in brackets.
d Calculated by the maximum likelihood method (19).
e r.m.s., root mean square.
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ble (as monitored by the presence of the characteristic 585
nm peak for the ferrous species (Fig. 2A)). Fig. 1E shows the
structure of the Compound II species thus obtained; single
crystal spectra (Fig. 2D) confirm the assignment and are in
agreement with previous spectra for Compound II (23).4

In this case, the Fe–O distance is observed to clearly in-
crease and is now longer (1.83 Å) than that for both CcP
Compound I (1.63 Å) and APX Compound I (1.73 Å) above
and almost identical to that seen in APX Compound II (1.84
Å). The ESUs of the iron and oxygen positions (22) are 0.017
and 0.065 Å, respectively. Arg-48 mostly remains in the in
position, although some positive electron density is observed
that is consistent with a low occupancy in the out position.

DISCUSSION

The nature of the Compound I and Compound II interme-
diates in different heme enzymes has been the subject of in-
tense and sometimes confusing debate (see Ref. 30 for a re-
cent discussion). X-ray crystallographic studies varied in their
conclusions on bond length probably because these early
structures were photoreduced. A summary of bond lengths
from various studies is presented in Table 2.
Here we present the structures of Compound I of CcP and

Compound II of APX, neither of which is affected by photore-
duction. We also present the corresponding (and consistent)
structures of Compound I of APX and Compound II of CcP.
All of the structures obtained here are summarized and com-
pared in Scheme 2. The two proteins share high sequence
identity, and their overall structures are very similar (13, 31).
This allows a direct and meaningful comparison of the struc-
tures of the intermediates in two different proteins. Together
with the structures of the ferrous and ferrous-oxy (the latter
for APX only) species, this provides a detailed comparative
picture of the key redox states (Scheme 2).
Nature of the Ferryl Heme in Compound I—Compound I of

CcP is stable enough for its structure to be obtained directly.
The single crystal spectra and the similarity with the solution

4 We considered the possibility that the Compound II structures that we
present are, in fact, another species such as ferric or ferric-hydroxide, but
the microspectrophotometry data are not consistent with such an as-
signment (ferrous heme is similarly eliminated). The spectrum of ferric
APX (29) is easily distinguished from that of Compound II. Our single
crystal spectra for CcP Compound II also agree with literature values (23)
and with the corresponding spectra that we have measured in solution
(Fig. 2) and give confidence of assignment.

FIGURE 3. Structures of ferrous heme species. A and B, ferrous derivative of CcP (A) and APX (B), showing electron density maps calculated with coefficients
2Fo � Fc contoured at 2� in blue and the Fo � Fc map (contoured at 4� shown in green) calculated after refinement omitting the oxygen. Oxygen atoms are shown
as red spheres, the heme is in red, and the iron is shown as an orange sphere. Key residues are labeled. For CcP, the ESUs of the iron and oxygen atom positions calcu-
lated by full matrix inversion are 0.019 and 0.159 Å, respectively; for APX, the corresponding values are 0.023 and 0.170 Å, respectively.

TABLE 2
Summary of Fe–O distances (Å) for Compound I and Compound II
intermediates of various heme proteins measured by EXAFS or
crystallography

Protein Compound I Compound II Reference

Horseradish peroxidase 1.6a 1.6a (41)
1.64a 1.64a (37)
1.67a 1.70a (39)
1.67a 1.93a (38)
1.7b 1.8a (8)

Cytochrome c peroxidasec 1.67a (35)
1.87b (24)
2.0a,d (25)
1.73b (32)
1.63b 1.83b This work

Ascorbate peroxidase 1.73b 1.84b This work
Chloroperoxidase 1.65a 1.82a (39, 43)
Myoglobin 1.69a (47)

1.92b (40, 48)
Cytochrome P450 (CYP 119) 1.82a (30)

a From EXAFS.
b From x-ray crystallography.
cThere is an early structure for Compound I of CcP (26) but at low resolution (2.5 Å).
d In this case, a range of bond lengths is given (1.7–2.0 Å) depending on the
refinement.
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spectra give a high degree of confidence that the structure
corresponds to Compound I. Our crystallographic analyses
for this ferryl intermediate in Compound I of CcP measures
the bond length as 1.63 Å, firmly in the realm of an unproto-
nated iron–oxo double bond. It is substantially shorter than a
previous estimate of 1.87 Å (24), but this structure was af-
fected by photoreduction. This structure can be compared
directly with that of APX Compound I. For APX, Compound
I is not stable, so its structure necessarily has been obtained
indirectly, from photoreduction of the ferrous-oxy intermedi-
ate. Nevertheless, the single crystal spectra for the APX Com-
pound I structure are consistent with published data in solu-
tion, and the bond lengths in the two Compound I structures
are in good agreement; for APX, the bond is slightly longer
(1.73 Å) than for CcP (1.63 Å), most likely from the presence
of residual ferrous-oxy heme (which would increase the ap-
parent bond length). Both bond lengths for Compounds I of
CcP and APX are shorter than other estimates (24, 25). Both
of our Compound I structures show an observed bond length

consistent with an unprotonated ferryl (Fe(IV)�O) heme
species.
It is worth stating here that the Compound I intermediates

of APX and CcP are not exactly the same. CcP Compound I
contains a tryptophan radical (Trp-191) as the site of the sec-
ond oxidizing equivalent (33). APX contains the equivalent
tryptophan residue (Trp-179) but does not use it; instead,
APX Compound I contains a porphyrin �-cation radical, and
its spectrum thus differs from that of CcP Compound I. Our
data suggest that this difference in the location of the second
oxidizing equivalent does not affect the nature of the ferryl
heme species.
Nature of the Ferryl Heme in Compound II—As we discuss

below, the nature of the ferryl heme in Compound II has been
more controversial. We have presented two Compound II
structures. Of them, the APX Compound II structure is the
most reliable; APX Compound II is well documented by us
(27) and others (34) as an isolatable species. The single crystal
spectra that we present for APX Compound II unambiguously

SCHEME 2. A summary of all structures obtained in this work. The structures of CcP Compound I and APX Compounds II and III were obtained by reac-
tion with hydrogen peroxide; Compound II of CcP and Compound I of APX were obtained by photoreduction of Compound I and Compound III, respec-
tively (as described under “Results”). The structures of the ferric CcP and APX enzymes are taken from the Protein Data Bank (2ZBY and 1OAG). X �� repre-
sents either a porphyrin �-cation radical or a tryptophan radical (APX or CcP, respectively).
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confirm this assignment. For Compound II of APX, the bond
length is clearly observed as longer (1.84 Å) than for either of
the Compound I structures, consistent with a protonated
Fe(IV)–OH (single) bond. This is confirmed in the Com-
pound II structure of CcP; in this case, the structure is ob-
tained indirectly (by photoreduction), but the bond also
lengthens (to 1.83 Å). Our experiments provide evidence for
lengthening of the bond on reduction of Compound I to
Compound II in both enzymes, and the data are consistent
with protonation of the ferryl heme on reduction.
Implications for Other Heme Ferryl Species—Much, but not

all, of the confusion in this area has arisen from crystal struc-
tures of ferryl heme species that were reduced by the x-ray
beam. For CcP Compound I, the EXAFS and most of the
other data now seem to support an unprotonated ferryl-oxy
species (32, 35, 36); this is in agreement with our analyses for
both CcP Compound I and APX Compound I. Compounds I
of HRP (8, 37–39) and chloroperoxidase (39) are also not pro-
tonated. There seems to be a consensus, therefore, for the
Compound I species across several peroxidases.
The picture for Compound II has been even less clear-cut.

Much of the information is available for HRP, for which some
data favor an unprotonated ferryl unit (7, 36, 37, 39, 41),
whereas other work (8, 38) favors a long bond (protonated
oxygen). There is only one published structure (8), the reli-
ability of which has been questioned (36, 42, 43). For chlo-
roperoxidase, EXAFS data support a long bond, and thus pro-
tonated oxygen, in Compound II (39, 43). Because of this, it
has been suggested (42, 44–46) that thiolate ligation is a nec-
essary requirement for protonation of the ferryl heme unit
and is thus a unique feature of thiolate-ligated hemes. This
would also include the thiolate-ligated P450s, for which there
is evidence of a long bond in Compound II (30) but for which
characterization of the ferryl heme species has been especially
troublesome. The idea that only thiolate-ligated heme pro-
teins are able to form protonated ferryl species is not consis-
tent with our observations for Compounds II of APX and
CcP, both of which contain imidazole as axial ligand. Our data
suggest that the bond lengthening observed in chloroperoxi-
dase (39, 43) and HRP (8) on reduction of Compound I to
Compound II is also observed in APX and CcP.
Proton Delivery—Any heme enzyme that is using Com-

pound I as an obligate intermediate formally requires two
protons for reduction of Compound I back to ferric heme
(and concomitant release of the ferryl oxygen atom as water).
The source of these protons therefore raises interesting ques-
tions. In the case of the peroxidases examined here, the distal
arginine appears as a prime suspect. The various structures
for both enzymes presented here show different orientations
of the distal arginine within the active site (in and out), and in
some structures (e.g. Compounds I and II of APX), both ori-
entations are observed. For the in orientation, this arginine
side chain is close enough to donate a proton to the ferryl ox-
ygen (Fig. 1). The close hydrogen-bonding interaction clearly
supports the idea that this distal arginine side chain can po-
tentially provide a proton to the ferryl oxygen of Compound I
on reduction in both CcP and APX. This would be consistent

with the observation that the distal arginine is conserved in all
peroxidases.
Overall Conclusions—Compound I formation is implicated

as a common intermediate in many catalytic heme enzymes
but, as we show in Scheme 1, there is more than one mecha-
nism for its formation, and different heme enzymes use differ-
ent preferred pathways. Compound I in P450s is highly unsta-
ble and has been difficult to capture even using fast
spectroscopic methods; the corresponding intermediate has
been yet more elusive in the NO synthases so that reliable
crystal structures for Compound I intermediates in these en-
zymes have yet to emerge. Our structures, summarized in
Scheme 2, show a consistent picture for the ferryl heme spe-
cies across two different enzymes. In view of the mechanistic
similarities that are a hallmark of heme enzyme chemistry, it
is very likely that this snapshot of peroxidase structures repre-
sents a more general picture across the wider family and is
thus likely to be relevant to the development of our under-
standing of other, less well characterized, catalytic heme
enzymes.
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Addendum—While this work was being written up for publication,
a related study appeared (32) in which this 1.87 bond length in CcP
has been reassessed. The structure reports an Fe–O distance of
1.73 Å for Compound I of CcP, which is longer than the distance
(1.63 Å) reported here (the dose received in these experiments was
approximately one-third more than the dose reported here) but
still consistent with an unprotonated ferryl-oxy species.
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and Hajdu, J. (2002) Nature 417, 463–468
9. Goodin, D. B., Davidson, M. G., Roe, J. A., Mauk, A. G., and Smith, M.

(1991) Biochemistry 30, 4953–4962
10. Metcalfe, C. L., Ott, M., Patel, N., Singh, K., Mistry, S. C., Goff, H. M.,

and Raven, E. L. (2004) J. Am. Chem. Soc. 126, 16242–16248
11. Pipirou, Z., Bottrill, A. R., Svistunenko, D. A., Efimov, I., Basran, J., Mis-

try, S. C., Cooper, C. E., and Raven, E. L. (2007) Biochemistry 46,
13269–13278

12. Metcalfe, C., Macdonald, I. K., Murphy, E. J., Brown, K. A., Raven, E. L.,
and Moody, P. C. (2008) J. Biol. Chem. 283, 6193–6200

Nature of Ferryl Heme in Compounds I and II

JANUARY 14, 2011 • VOLUME 286 • NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 1267



13. Sharp, K. H., Mewies, M., Moody, P. C., and Raven, E. L. (2003) Nat.
Struct. Biol. 10, 303–307

14. Evans, P. (2006) Acta Crystallogr. D Biol. Crystallogr. 62, 72–82
15. Collaborative Computational Project Number 4 (1994) Acta Crystallogr.

D Biol. Crystallogr. 50, 760–763
16. Kabsch, W. (1993) J. Appl. Crystallogr. 26, 795–800
17. Paithankar, K. S., and Garman, E. F. (2010) Acta Crystallogr. D Biol.

Crystallogr. 66, 381–388
18. Unno, M., Chen, H., Kusama, S., Shaik, S., and Ikeda-Saito, M. (2007)

J. Am. Chem. Soc. 129, 13394–13395
19. Murshudov, G. N., Vagin, A. A., and Dodson, E. J. (1997) Acta Crystal-

logr. D Biol. Crystallogr. 53, 240–255
20. Finzel, B. C., Poulos, T. L., and Kraut, J. (1984) J. Biol. Chem. 259,

13027–13036
21. Emsley, P., and Cowtan, K. (2004) Acta Crystallogr. D Biol. Crystallogr.

60, 2126–2132
22. Sheldrick, G. (2008) Acta Crystallogr. Sect. A 64, 112–122
23. Pond, A. E., Bruce, G. S., English, A. M., Sono, M., and Dawson, J. H.

(1998) Inorg. Chim. Acta 275–276, 250–255
24. Bonagura, C. A., Bhaskar, B., Shimizu, H., Li, H., Sundaramoorthy, M.,

McRee, D. E., Goodin, D. B., and Poulos, T. L. (2003) Biochemistry 42,
5600–5608
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